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Boundary effect and time-reversal symmetry are hot topics in active matter. We present a biology-inspired robot-
environment-interaction active matter system with the field-drive motion and the rules of resource search, resource con-
sumption, and resource recovery. In an environmental compression—expansion cycle, the swarm emerges a series of
boundary-dependent phase transitions, and the whole evolution process is time-reversal symmetry-breaking; we call this
phenomenon “orderly hysteresis”. We present the influence of the environmental recovery rate on the dynamic collective

behavior of the swarm.

Keywords: time-reversal symmetry-breaking, phase transitions, robot swarm, active matter
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1. Introduction

Active matter, which is a collective name covering many
nonequilibrium condensed systems composed of self-driven
units or active particles, is highly related to many important
physical and biological phenomena, such as self-organization,
self-adaption, morphogenesis, collective migration, and so
on.[1=61 A defining key feature of active matter is the fact that
each basic component can convert local energy into system-
atic movement.!”! In the field of active matter, spatial ordered
states such as the nematic and the polar, 1891 collective motions
such as flocking and active turbulence,!!*-'3! and the relation
of the interaction of active particles with each other or with
the environment to collective motion!'*!3] are hot topics. But
due to the complexity, the instability and the uncontrollability
of many traditional active matter systems, many questions in
active matter are not yet answered.

With the continuous development of robotics, au-
tonomous robots become increasingly smaller, easier to make
and more adaptive, and thus set a new trend of com-

16-18] or biological

bining robotics with physical research!
research.['23] In our previous work,**! we designed a
biology-inspired robot swarm active matter system in which
the robots can self-modify their local environment and respond
to the change of environment, and then a series of collec-
tive state changes emerged. This swarm system confirmed
the great variety of ordered patterns and transitions in ac-
tive matter>>26! once again. However, some common ques-
tions in active matter such as the influence of the environmen-

tal boundary shape,/?’2"! the time-reversal symmetry of the
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swarm evolution, %311 and the influence of the key environ-

ment parameters, (32]

were previously understudied in this sys-
tem.

In this paper, we studied the influence of an environ-
mental compression—expansion cycle on the robot swarm ac-
tive matter system with the rules of resource search, resource
consumption and resource recovery when the environmental
boundary is circular or square. The spatial structure of the
swarm is highly dependent on the geometry of the environ-
mental boundary. In the expansion stage the evolution pro-
cess of the swarm with obviously more fluidity and disorder
is far different from it in the compression stage, which in-
dicates a time-reversal symmetry-breaking orderly hysteresis
phenomenon in this system.

2. Methods
2.1. Design of the robot-environment-interaction system

The whole biological-ecology-inspired robot swarm ac-
tive matter system is composed of dozens of mobile robots
which can sense the light environment and a light environ-
ment platform composed of a light-emitting diode (LED) light
board, a camera, and a corresponding computer control sys-
tem, and able to detect the positions of the robots and adjust lo-
cal light intensities according to these positions. Each 65-mm-
diameter robot is composed of four semiconductor-based RGB
(red, green, blue) sensors, two pulse width modulated (PWM)
motor-driven wheels, two rechargeable polymer lithium bat-
teries, a processor, a motor driver integrated circuit (IC), three
R/G/B LEDs and an infrared (IR) LED in a semi-transparent
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cover, two curved metallic charging hooks, and a series of aux-
iliary electronics. The four bottom and downward-looking
RGB sensors are symmetrically cross-distributed and keep
about 3-mm distance from the ground. Each sensor inde-
pendently detects a local light intensity from a different po-
sition underneath, and then transfers the signal to the proces-
sor. Combining the four intensity values of the light environ-
ment, the processor can calculate the light gradient vectors in
two mutually vertical directions and then transfer the advanc-
ing direction information to the motor driver IC. Finally, con-
trolled by the two-wheel independent drive system, the robot
can move to seek the maximum light intensity in the environ-
ment, as shown in Fig. 1(a). Hence, every robot has the ability
to search the light resource with velocity v,

vy = KVI (xp,y03t), (1)

where (x,, y,) is the position of robot n at time ¢ and K is
the robotic motion sensitivity to the local gradient of the two-
dimensional (2D) light resource intensity landscape 1.

The resource consumption and resource recovery func-
tions are mainly realized by the light environment platform, as

1

(=) + 6 =3)’]

shown in Figs. 1(b) and 1(c). The arena for the robots is the
square 3.84 m x 3.84 m LED light board which is also the main
part of the light environment with a 1.25-mm pitch. In this
study, a quarter of the whole LED light board is chosen as the
main experimental area. To acquire the positions of the robots,
a high-resolution IR CCD camera is installed right above the
center of the experimental area to obtain the information of the
signal lamps which are located at the centers of all the robots,
and each pixel of the camera matches a pixel of the light board
to insure the spatial accuracy of robots’ positions. The con-
tinuous images are transferred to the computer and real-time
image analysis is executed to precisely extract the locations of
robots. Combining the robots’ positions {(x,,y,)}, the robotic
characteristic resource consumption rate k., the robotic char-
acteristic resource consumption radius o, the robot-free orig-
inal light intensity /,, and the environment recovery charac-
teristic time TR, the presence of each robot can immediately
consume the local light resource in a Gaussian circle around
its position and the light resource recovers once the robot goes
away, causing the whole light resource landscape to change as

ol = . (I, —1) —chexp - 357 , whenl >0,
" 2
1
ol=—1,-1), when 7 =0.
TR

Hence, the computer can calculate and generate new light en-
vironment images and exports them to the LED light board
via the controller. The whole cycle timestep from the image
acquisition to the landscape export takes about 0.2 second.

In this robot-environment-interaction system with such
resource rules, the robots emerge many novel kinetic charac-
teristics which are summarized as field-drive motion in our

24331 One of the key kinetic characteristics

previous work. !
is the symmetry-breaking starting. Under ideal conditions,
when there is only one robot or the distance between any
two robots is long enough, the local light intensity landscape
consumed by a stationary robot is spatially symmetric, so
there shall be no nonzero gradient for the robot to move. In
other words, the robots have no intrinsic motion on the de-
sign level. But in the real experiments, this spatial symmetry
is spontaneously broken by electronic noise in the intensity
sensors and errors in measurement of robots’ positions dur-
ing image acquisition and processing. After multiple positive-
feedback processes, these noises then bootstrap the robot into
an emergent directional motion. Consequently, this symmetry-
breaking starting makes our robot swarm a typical active mat-
ter system. Another counterintuitive behavior of our robots
is the counter-gradient motion. There is no doubt that in a

sufficiently strong externally imposed gradient a robot shall
move along the global resource gradient. However, when the
global resource gradient is weak enough, the motion mode of
the robot changes. Because of the local digging of resource
holes, an opposite local gradient may emerge, and the robot
can move against the global resource gradient. By the theo-
retical estimation,!?*! the maximum resource slope Sy, a robot
can move against can be calculated as

k
S, ~0.35 °GTR. 3)

This counter-gradient motion makes robots have the ability to
escape from local resource peaks or valleys, and then leads to a
variety of interesting collective behaviors. Since the resource
gradients give the robots motility, the moving robots should
immediately stop by the next time step iteration once all the
gradients are removed. Therefore, another key property of the
field-drive robots is that they have no physical inertia.

2.2. Experimental procedure and analysis methods

Density-dependent phase transitions are a big class of

important phenomena in active matter and self-organization

(34

phenomenon, **! and the environmental compression and ex-

pansion are common means to control matter density. In our
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Fig. 1. Schematic diagram for the experimental principle, setup, and pro-
cedure. (a) Every robot can sense the intensity of light from the under-
neath LED light board by four symmetrically cross-distributed RGB sen-
sors, calculate the light gradient vectors in two mutually vertical direc-
tions by a processor, and then move to seek maximum light intensity by
a two-wheel-independent drive system. Meanwhile, the local intensity of
light under each robot is consumed according to the predetermined robot-
environment interaction rules, and gradually recovers to its original level
after the robot goes away. (b) The whole experimental platform is com-
posed of a bottom LED light board, dozens of robots moving on the LED
light board, an overhead IR CCD camera, and a corresponding computer
control system. According to the signal lamps’ positions captured by the
camera, the local intensity of light under each corresponding robot can be
adjusted to a required value. (c) The real experimental platform. (d) In
a single experiment, a circular or square white light resource landscape
shrinks during the first half of the time, which means the half-length of
the resource field decreases linearly with time to zero. Then the resource
field turns to expand, i.e., its half-length increases linearly with time until
it returns to the original size. Scale bar = 0.5 m.

robot swarm active matter system, the environmental compres-
sion or expansion can be achieved by decreasing or increasing
the half-length R of the light resource landscape. In order to
answer the question whether this robot swarm system breaks
time-reversal symmetry, in a single experiment the light re-

source landscape first shrank to zero, followed by a temporally
symmetrical expansion. In other words, as shown in Fig. 1(d),
the half-length R(r) decreased linearly with time ¢ to zero dur-
ing the first half of the time, and then increased linearly with
time ¢ to the original size Ryax:

R(t) = Rmax — af, whent < 0.5fmax, w

R(#) = ot — Ripax, whent > 0.5ty,x,

where « is the change rate of the half-length R and fp.x =
2Rmax/ 0. For simplicity, the initial color of the light re-
source landscape was set as white (IReqd = IGreen = IBlue =
255). To study the effect of the boundary geometry of the
light resource landscape, we used the circular boundary con-
dition and the square boundary condition to make a compar-
ison analysis. To keep the robots moving in the white light
landscape, it is necessary to provide gradients at the bound-
ary, and thus the boundary was softened by a fixed Gaussian
width o, < Rpax. In this study, 49 robots were randomly put
into the white light environment, the robotic motion sensitiv-
ity k ~ 0.03 mm?/ms/lightintensity, the robotic characteris-
tic resource consumption rate k. = 14 light-intensity/timestep,
the robotic characteristic resource consumption radius ¢ =
65 mm, the original half-length Ryy,x = 875 mm, and the half-
length change rate o ~ 0.83 mm/s.

In the process of changing swarm density, the spatial dis-
tribution and motive degree of the robots keep changing as
well, so appropriate spatial and temporal order parameters are
needed to evaluate the states of the robot swarm. For spatial
ordering, the m-fold orientational order parameter y,, which
is used for estimation of the 2D crystals with m-fold rota-
tional symmetry is a common and effective choice. > Consid-
ering that the densest packing of disks in 2D is the hexagonal
array®! and the fourfold rotational symmetry of the square
boundary, ys and yy are natural choices to characterize the

spatial ordering of the robots: (37!
1 &
Y= L") )
ni=l bulk

where 6, is the angle between the vector connecting the robot
n to its j-th nearest neighbor and an arbitrary fixed reference
axis, and N, is the number of nearest neighbors of the robot
n. {-)pulk Means averaging over all robots excluding ones near

the boundary of the landscape. Voronoi tessellation (38!

was
combined with distance threshold to determine the nearness
relationship between robots and to the boundary. For temporal
ordering, we chose the susceptibility characteristic timescale
7* derived from the dynamic four-point susceptibility order
parameter Y4 to characterize the average trapping time of a
robot around a given position.?#%1 To calculate x4, the dy-

namical overlap function Q(¢,7;a) is needed to be calculated
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first:

N
0(t,t;a) Z —|ry (t+7) =7y (2)]), (6)
where 7 is the delay time, a is the characteristic length which
is usually equal to the radius of an agent,*!l e.g., ¢ = 32.5 mm
in the experiments, N is the total number of robots, r, is the
position vector of robot n, and @({) is a Heaviside unit step
function, e.g., ® ({ >0) =1, ® ({ <0) =0. Then the func-
tion y4(7;a) can be calculated as the variance of Q (¢, T;a) over
the quasi-steady-state time interval:

X4 (T;a) =N x Var,(Q (¢, T;a)). @)

Finally, the susceptibility characteristic timescale 7* can be
determined from the peak position of Y4 (7;a).

2.3. Simulation

To make further research about the experimental phenom-
ena, we did dynamic simulations based on the actual robotic
behaviors. The computational domain was a 2D square with a
size of 2 m x 2 m and a spatial resolution of 1.25 mm, and
each robot was simplified to a 2D disk with a diameter of
65 mm. The timestep of the simulation was set as 0.25 s
and all other robotic and environmental parameters were the
same as those in the experiments. The positions and orienta-
tions of robots were completely random at the beginning of
every simulation. To reappear the symmetry-breaking start-
ing in the experiments, when a virtual robot was stationary
or moved along the gradient and the local intensity was high
enough, an extra small forward intensity gradient was applied
to the robot to play the role of the positive-feedback mecha-
nisms. A speed-dependent sub-timestep segmentation and a
constant-direction and symmetrical-distance collision method
were applied to deal with the virtual physical collisions be-
tween robots. The analysis methods of the simulations were
the same as those in the experiments.

3. Results and discussion

During the compression process of the white light re-
source landscape with the environment recovery rate 1/tg =

! no matter whether under the circular bound-

0.4 timestep™
ary condition or the square boundary condition, four different
collective states emerged sequentially from gas, via crystal,
liquid, to jammed state, as shown in Fig. 2. This experimen-
tal phenomenon is in agreement with our previous work. >4l
In the preparing stage of every experiment, the robots were
randomly placed on the white light resource landscape, so the
experimental phenomenon was independent of the initial spa-
tial distribution of the robots. At the beginning of the com-

pression process, the density of robots was so small that only

a small number of two-body interaction events happened. In
this scenario, the two-body interaction event, e.g., the overlap-
ping of the shadows created by two nearby robots, provided
a purely repulsive effect. Hence, the robots moved freely at
most of the time and acted like an ensemble of gas particles
which were dominated by random diffusion with low g, low
Wy, and low 7, as shown in Figs. 3 and 4 which are the av-
erage results of three repeated experiments. With increasing
compression, the density of robots and the number of interac-
tion events increased as well. The gradients of the overlapped
shadows steepened as the distances between two nearby robots
decreased. When the slope of the gradient between two nearby
robots exceeded the maximum resource slope Sy, a robot can
move against, an impenetrable field barrier was generated.
Since the robots have no physical inertia, a robot should freeze
if it is surrounded by symmetrically distributed field barriers.
Once the number of global field barriers became big enough
and there was still some space for the robots to adjust their po-
sitions, the robots could freeze into a symmetrical crystalline
state. As shown in Figs. 2(b1) and 2(b2), robots in the center of
the swarm formed a hexagonal array under the circular bound-
ary condition, while there was a square array in the center of
the swarm when the boundary was square. Correspondingly,
as shown in Figs. 3 and 4, yg was high, w4 was low, and 7" was
high in the crystalline state under the circular boundary condi-
tion, while the square boundary condition corresponded to low
W, high vy, and high 7*. The origin of these differences came
from that the outmost robots needed to adapt themselves to the
environmental boundary and this effect could spread across
the whole swarm as the density was big enough. Therefore,
the spatial structure of the robots in the crystalline state has a
high dependence on the shape of the environmental boundary,
which means the type of the main characteristic spatial order
parameter of the swarm is determined by the geometry of the
boundary.

With the further decreasing of resource landscape area
and the further increasing of robot density, the overlap degree
of the consumed shadows increased, so the global average re-
source intensity and the roughness of resource landscape both
decreased. Hence, the slopes of the gradients between any two
nearby robots became small again, and the number of impen-
etrable field barriers decreased. Meanwhile, the physical im-
penetrable barriers of the robots themselves began to influence
the motion of the swarm. The conversion of the barrier type
brought the decrease of the width of the impenetrable barri-
ers, so the robots with the ability of the counter-gradient mo-
tion had the chances to escape from the lattice positions and
move freely in a small range. At the swarm level, the crystal
state gradually melted into a liquid state with a decrease in W,
Yy, and 7*, as shown in Figs. 3 and 4. Finally, as the swarm
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was compressed to its limit when the robots physically contact
with each other and the whole environment became black, the
swarm reached a jammed state with high yg, low 4, and high

*

Circular
boundary

Square
boundary

a2

Gas

Fig. 2. Comparison of the typical robot spatial distribution states in the
experiment as the white light resource landscape shrinks between in circu-
lar boundary condition and square boundary condition. Column (al)—(el)
shows snapshots of robot positions in gas, crystal, liquid, jammed, and
void glass states in circular boundary condition, and column (a2)—(e2)
corresponds to square boundary condition. The red lines in panel (bl)
show that the robots emerge into a hexagonal crystalline state in circular
boundary condition, while the red lines in panel (b2) point to a square
crystalline state in square boundary condition.

Circular boundary in experiment
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Fig. 3. The spatial and temporal ordering dynamic of the robot swarm
as the circular white light resource landscape shrinks and expands in the
experiment when environment recovery rate 1/7g = 0.2 time step™! and
1/tr = 0.4 time step~!. The insets show the corresponding simulation
results. The shadow regions represent error bars. (a) The sixfold orienta-
tional order parameter g for hexagonal spatial ordering. (b) The fourfold
orientational order parameter Yy for square spatial ordering. (c) The sus-
ceptibility characteristic timescale t* for the mean residence time of a
robot around a given position.

The environmental recovery rate 1/7g is a key parame-
ter in this system, because it can affect the final spatial phase
reached by the swarm in the compression process and the de-
gree of spatial symmetry in the crystal state. With a too small
environmental recovery rate, the whole light resource envi-
ronment is quickly consumed to all black by the robots at a
swarm density which is far smaller than the density of the
jammed state, and then the robots all freeze to a void glass
state because the robots have no physical inertia, as shown
in Figs. 2(el) and 2(e2). This glass transition can happen at
any moment determined by the value of the environmental re-
covery rate during the compression process, which means gas,
crystal and liquid states all can directly transit to the void glass
state. The smaller the environmental recovery rate is, the ear-
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lier the swarm gets into the void glass state. On the other hand,
in the crystal state smaller environment recovery rate leads to
darker shadows which make the effect of impenetrable field
barriers stronger. As the restriction strength and stability of
the lattice positions improve, the order degree of the crystal
state increases, so the main characteristic spatial order parame-
ter and the susceptibility characteristic timescale both increase
at the crystalline density when the environment recovery rate
decreases, as shown in Figs. 3 and 4.
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Fig. 4. The spatial and temporal ordering dynamic of the robot swarm
as the square white light resource landscape shrinks and expands in the
experiment when environment recovery rate 1/7g = 0.2 time step~! and
1/t = 0.4 time step~!. The insets show the corresponding simulation
results. The shadow regions represent error bars. (a) The sixfold orienta-
tional order parameter g for hexagonal spatial ordering. (b) The fourfold
orientational order parameter Yy for square spatial ordering. (c) The sus-
ceptibility characteristic timescale 7* for the mean residence time of a
robot around a given position.

During the expansion process of the white light resource
landscape from the jammed swarm state, the spatial disorder,
and motive degree of the robots significantly increased within

a certain density range compared to the compression process,
as shown in Figs. 3 and 4. These differences between the com-

pression process and the expansion process were more signifi-
cant in the main characteristic spatial order parameter relevant
to the boundary condition when the environment recovery rate
was smaller, because the spatial symmetry and stability of the
crystal state in the compression process increased under such
conditions. Because the initial positions of the robots were
determined by randomly manual placement before the com-
pression process while the final positions of the robots were
the results of swarm evolution at the end of the expansion pro-
cess, the distances between the outmost robots and the envi-
ronmental boundary at the beginning of the compression pro-
cess could be shorter than that at the end of the expansion pro-
cess. Hence, the minimum density of the compression process
could be smaller than the minimum density of the expansion
process, as shown in Fig. 3. In summary, in the expansion
stage the crystal state almost vanished and the density range
of the liquid state significantly increased. Hence, the time-
reversal symmetry was broken in the compression—expansion
process of the robot swarm with this two environment recov-
ery rates.

Considering the experimental limitations such as the
robotic battery life and so on, we did dynamic simulations
to make further research about this time-reversal symmetry-
breaking phenomenon, and the corresponding simulation re-
sults are shown in the insets of Figs. 3 and 4. The simula-
tion results almost captured all the qualitative characteristics
and evolutionary processes of the experimental swarm system,
and they are closer to the predictions of the phenomenologi-
cal theory earlier in this article. The consistency between the
experimental results and the simulation results comes from
the directness of the interaction rules based on the resource
field without flowability in this study. The experimental re-
sults and the simulation results confirmed with each other, so
the conclusion of this study should be more reliable. The dif-
ferences between the experimental results and the simulation
results may come from the electronic noise and heterogene-
ity in the robots, the errors in the corresponding relationship
between the coordinates of the light board and the coordi-
nates of the camera, and other experimental errors. Further,
we did simulations of the first compression stage, the first ex-
pansion stage and the second compression stage with a se-
ries of environment rates for comprehensive analysis and re-
search, as shown in Figs. 5 and 6 which are the average re-
sults of three repeated simulations. Compared to the first com-
pression stage, there was a significant drop of 7* in the first
expansion stage, which means the fluidity of the swarm in-
creased. Furthermore, a more disorderly spatial distribution of
the first expansion stage was reflected in yg under the circular
boundary condition or Yy under the square boundary condi-
tion, which appeared as that the liquid region swallowed up the
crystal region. So, the simulation results further confirmed the
time-reversal symmetry-breaking evolution of the swarm dur-
ing the compression—expansion process. On the other hand,
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the high similarity between the first compression stage and the
second compression stage indicated that the spatial-temporal
evolvement process of the swarm was cyclical when a whole
compression—expansion process was regarded as a cycle. Intu-
itively, the dynamic loop of the main characteristic spatial or-
der parameter with swarm density is very similar to the mag-
netic hysteresis loop,!*?! and thus this phenomenon may be
called orderly hysteresis.
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Fig. 5. The phase evolution process of the robot swarm in the
compression—expansion cycle of the circular white light resource land-
scape of a variety of environment recovery rate in simulation, i.e., the
order parameters as a function of robot density and environment recov-
ery rate in the first compression process, the first expansion process, and
the second compression process of circular environment. (a) The six-
fold orientational order parameter Y. The grey areas represent the void
glass state. (b) The fourfold orientational order parameter yy. The grey
areas represent the void glass state. (c) The susceptibility characteristic
timescale 7*. The grey areas represent T* — oo.

(a) Square boundary in simulation
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(b) Square boundary in simulation
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Fig. 6. The phase evolution process of the robot swarm in the
compression—expansion cycle of the square white light resource land-
scape of a variety of environment recovery rate in simulation, i.e., the
order parameters as a function of robot density and environment recov-
ery rate in the first compression process, the first expansion process, and
the second compression process of square environment. (a) The sixfold
orientational order parameter Y. The grey areas represent the void glass
state. (b) The fourfold orientational order parameter yy. The grey ar-
eas represent the void glass state. (c) The susceptibility characteristic
timescale 7*. The grey areas represent T* — oo.

As the appearance of magnetic hysteresis is due to the en-
ergy barriers in the irreversible growth of domains with the ori-
entation of the magnetic moments parallel to the applied mag-
netic field,*?! the orderly hysteresis may come from the irre-
versible motion caused by impenetrable barriers. The robots
have nearly total freedom to move in the whole white light
resource landscape at the gas density, so there is basically no
irreversible motion at this phase. With the continued increase
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of swarm density, impenetrable field barriers begin to emerge,
then grow in number, and finally are replaced by impenetra-
ble physical barriers. Meanwhile, the global resource sub-
stantially decreases, so the motion type of robots gradually
changes from reversible motion to irreversible motion. Hence,
in the expansion process only if the swarm density comes close
to the gas density, do the robots have a chance to adjust their
positions in a large scale. That is why there is a narrow peak
of the main characteristic spatial order parameter in the transi-
tion region between the liquid state and the gas state during the
expansion process. Viewed from another perspective, consid-
ering that the kinetic energy of the robots is in contrary relation
to 7*, the mobility of the robots is stronger when they reach the
crystal density from the gas density in the compression stage
than that when they reach the crystal density from the liquid
density in the expansion stage. Hence, the search efficiency
for appropriate lattice positions is higher in the compression
stage, which leads to a higher probability of a good lattice
structure. Furthermore, a theory from the aspect of force bal-
ance may also partly explain this phenomenon. In the com-
pression stage, the contraction of the environment provides a
force which decreases the distances between the robots, while
the repulsive effect from the resource competition plays a role
as a force increasing the distances between the robots. So,
force-balanced lattice positions could be generated with these
two opposite forces. On the other hand, the dilatation of the
environment and the resource competition both increase the
distances between the robots in the expansion stage, and thus
there is nearly no appropriate spacing for the robots to stop.
In addition, the key environmental parameters had significant
influence on the orderly hysteresis loop. Since a too small en-
vironment recovery rate or a too fast environmental half-length
change rate makes the swarm transit into the void glass state
at a smaller density, the decrease of the environment recovery
rate or the increase of the environmental half-length change
rate turns the loop into an incomplete form like the unsatu-
rated magnetic hysteresis loop. But unlike the reduce of the
area of the unsaturated magnetic hysteresis loop, the areas of
close curves with smaller environment recovery rates are big-
ger than those of complete loops because of the order enhance-
ment property of small environment recovery rates, as shown
in Figs. 3 and 4. Although the simulation results displayed
comprehensively the physical phenomena of the positional or-
der of the robot swarm in this study, once more complicated
physical mechanisms, such as many-body physical collision,
spin, and the interaction between actuators, are introduced and
more dynamic physical phenomena, such as the orientational
order and the mechanical property of the swarm, are focused,
the difficulty of modeling and the computing time of simula-
tion will increase sharply, so the experimental data will pro-
vide an accurate representation of the physical phenomenon in
a much more efficient and comprehensive manner.

4. Conclusion

In the environmental compression—expansion cycle, our
robot swarm demonstrates a good adaptability to the envi-
ronmental influence, especially to the environmental bound-
ary geometry. The order enhancement property of small en-
vironment recovery rates correlates with the enhanced percep-
tual capability of organisms in a harsh environment. Due to
the complex interaction between the robots and between each
robot and the environment, a time-reversal symmetry-breaking
orderly hysteresis emerges. These results present many simi-
larities between the ecosystems with resource consumption on

a long-time scale and the physical systems with energy dissi-

12,43-46

pation on a short-time scale, ! | suggesting that the irre-

versible energy-consuming nature of active matter can lead to
many similar phenomena in systems with different scales, and
different mechanisms.
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